Pumpkin leaves grown under high light (500-700 ,umol of photons m-2 s'1) were illuminated under photon flux densities ranging from 6.5 to 1500 ,umol-m-2-s'1 in the presence of lincomycin, an inhibitor of chloroplast protein synthesis. The illumination at all light intensities caused photoinhibition, measured as a decrease in the ratio of variable to maximum fluorescence. Loss of photosystem II (PSII) electron transfer activity correlated with the decrease in the fluorescence ratio. The rate constant of photoinhibition, determined from first-order fits, was directly proportional to photon flux density at all light intensities studied. photon flux density (4). However, these experiments were done under high, photoinhibitory light, and it therefore remained unclear if photoinhibition is somehow related to the photon flux exceeding the flux that can be safely dissipated through photosynthesis (5-7). On the contrary, the first-order nature of photoinhibition suggests that each photon absorbed by PSII causes photoinhibition with the same probability. In the present paper, we describe results that prove the latter.
in the presence of lincomycin, an inhibitor of chloroplast protein synthesis. The illumination at all light intensities caused photoinhibition, measured as a decrease in the ratio of variable to maximum fluorescence. Loss of photosystem II (PSII) electron transfer activity correlated with the decrease in the fluorescence ratio. The rate constant of photoinhibition, determined from first-order fits, was directly proportional to photon flux density at all light intensities studied. The fluorescence ratio did not decrease if the leaves were illuminated in low light in the absence of lincomycin or incubated in darkness in the presence of lincomycin. The constancy of the quantum yield of photoinhibition under different photon flux densities strongly suggests that photoinhibition in vivo occurs by one dominant mechanism under all light intensities. This mechanism probably is not the acceptor side mechanism characterized in the anaerobic case in vitro. Furthermore, there was an excellent correlation between the loss of PSII activity and the loss of the Dl protein from thylakoid membranes under low light. At low light, photoinhibition occurs so slowly that inactive PSII centers with the Dl protein waiting to be degraded do not accumulate. The kinetic agreement between Dl protein degradation and the inactivation of PSII indicates that the turnover of the Dl protein depends on photoinhibition under both low and high light.
Photoinhibition of photosynthesis has been characterized as a high-light-induced stress reaction in plants (for review, see refs. 1 and 2). Several definitions of photoinhibition have been presented, and many authors include in the concept all lightinduced phenomena that lower the efficiency of photosynthesis. We define photoinhibition as the light-dependent irreversible inactivation of photosystem II (PSII) reaction center activity, which can be restored only via the degradation and synthesis of the Dl protein. This strict definition allows for comparison of the kinetics of photoinhibition in different conditions but excludes several high-light-specific, reversible phenomena often referred to as photoinhibition.
We have shown that photoinhibition is a first-order reaction (3) and that its rate constant, kpi, is directly proportional to photon flux density (4) . However, these experiments were done under high, photoinhibitory light, and it therefore remained unclear if photoinhibition is somehow related to the photon flux exceeding the flux that can be safely dissipated through photosynthesis (5-7). On the contrary, the first-order nature of photoinhibition suggests that each photon absorbed by PSII causes photoinhibition with the same probability. In the present paper, we describe results that prove the latter.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
2213
Reciprocity between the amount of light and the duration of illumination was demonstrated for photoinhibition of isolated chloroplasts by Jones and Kok (8) . Very recently, Park et al. (9) published data demonstrating that the law of reciprocity holds for photoinhibition of intact leaves too. The present study confirms most of their results, but we conclude that photoinhibition is a one-photon phenomenon instead of a photon counter-type poisoning process (9) .
The degradation and synthesis of the Dl protein are rapid under both high and low light if compared to other thylakoid proteins (10) , and several hypotheses have been put forward to explain the reasons for the fast turnover. The high-lightdependent and normal turnover of the DI protein have often been treated separately because photoinhibition has been considered to be limited to light levels above the saturation of photosynthesis and because it has been assumed that photoinhibitory damage does not occur at low light. It was even suggested that the Dl protein turns over for reasons not at all related to light-induced damage to PSII (11) . The rapid resynthesis of the Dl protein usually makes it impossible to detect the light-dependent loss of the Dl protein if the synthesis is not blocked during the experiment. Furthermore, since the Dl protein is degraded after but not simultaneously with photoinhibition of the reaction center, the dependence of the rate of degradation on light is far from linear (3). It must also be noted that because neither photoinhibition nor degradation of the Dl protein occurs with zero-order kinetics, fixed-time assays have no relevance with respect to the kinetics. The complexity of the kinetics has promoted the suggestions that exposure of plants to high light does not necessarily induce degradation of the Dl protein (12) or that the relationship between photoinhibition and Dl protein degradation is obscure (13) . It has also been suggested that the degradation is a specific feature of laboratory-grown plants while adaptation of field-grown plants to full sunlight does not involve enhanced turnover of the Dl protein (14 (16) . Thylakoid proteins were solubilized at 65°C (17) , separated by SDS/ PAGE (12% acrylamide/6 M urea), and electrotransferred to a poly(vinylidene difluoride) membrane (18) . The antibody (Research Genetics, Huntsville, AL) used for immunodetection of the Dl protein is directed against amino acids 232-242 of the Dl protein, and BioRad's chemiluminescence kit was used to visualize the Dl protein.
Chlorophyll. Chlorophyll was determined from leaf discs and thylakoid samples as described (19) .
RESULTS
The Rate Constant of Photoinhibition, Measured in Lincomycin-Treated Leaves, Is Directly Proportional to Photosynthetic Photon Flux Density. The results of the present study confirm the finding (3) that photoinhibition is a first-order reaction: the decrease in Fv/Fm,, in the presence of lincomycin fitted well to first-order kinetics under all photon flux densities (Fig. 1A) ; first-order behavior under low light is confirmed by the random error residuals at PPFD of 9 ,umol m-2.S-1 (Fig.  1B) . We carefully checked, by incubating leaves in darkness in the presence of lincomycin and by illuminating the leaves without lincomycin, that light-induced irreversible inactivation of PSII was the main factor contributing to the inhibition of PSII even under low light (Fig. 1A) . Experiments done under high light also confirmed the importance of Dl protein turnover in field-grown pumpkin plants (Fig. 1C) .
The rate constant of photoinhibition was directly proportional to photon flux density under all PPFD values ranging from 6.5 to 1500 ,umol m-2.S-1 (Fig. 2) . The proportionality constantp between kp1 and PPFD was the same in leaves grown in the field and in a growth chamber, and it was the same as earlier obtained (4) for pumpkin leaves grown under high light (Fig. 2) . The leaves contained 480 ,tmol of chlorophyll per m2, and by assuming one PSII center per 400 chlorophylls we get 1.2 ,imol of PSII per m2. The proportionality constant p is 0.00022 h-1IImol'-1m2 s (Fig. 2B ), or 6.11 x 10-8 j,mol-1m2. The apparent quantum yield of photoinhibition, CFpl, is now calculated from the initial slope of the decrease in active PSII as follows: (Fig. 3 A and C) . We speculate that this slight deviation from first-order kinetics in the PSII activity data is related to the optical properties of leaves. A rapid initial decrease in the oxygen flash yield of lincomycin-treated pea leaves (9) may have the same origin; this decrease was attributed to an unstable PSII subpopulation, which is photoinhibited with a higher quantum yield than bulk PSII (9) . Such an unstable subpopulation has, however, not been detected in isolated thylakoids, which are optically more homogenous than leaves (3).
The degradation rate of the Dl protein was PPFD dependent even under low-light conditions (Fig. 3B) , the Dl protein content of thylakoids decreasing with the same kinetics as the PSII activity (Fig. 3 A and D) .
Low-Light Photoinhibition Occurred on Top of Leaf Senescence. Senescence is a highly controlled process in which certain cell components are degraded, and it has been shown that senescence can proceed in the absence of chloroplast protein synthesis (20) . Senescence-related decrease in the chlorophyll a/b ratio and loss of chlorophyll occurred during the light treatments of the excised leaves with an apparent half-time of 4.6 days without correlation with light intensity. The photosynthetic characteristics of the remaining functional PSII centers are unchanged during early phases of senescence, as evidenced by unchanged quantum yield and light-saturated oxygen evolution activity and an unchanged Fv/Fm,,, ratio in partially senescent leaves (ref. 21 ; see also Fig. 2A ). Both PSII activity and the Dl protein content of excised pumpkin leaves remained stable in darkness in the presence of lincomycin when measured on a chlorophyll basis (data not shown). However, senescence prevents the use of leaf area as a normalization parameter in long photoinhibition experiments done with excised leaves.
Both Fmax and Fo May Increase During Photoinhibition. The Fmax yield of the leaves decreased if the photoinhibition treatment was done in high light. However, the decrease in Fmax during photoinhibition gradually changed to an increase in lower photoinhibitory light (Fig. 4 A and C) . In moderate light, Fmax first decreased and then began to increase (Fig. 4C) (Fig. 1A) . This repair mechanism is normally rapid enough to prevent the symptoms of photoinhibition from appearing under optimal growth conditions.
The leaves. The constancy of the quantum yield of photoinhibition of lincomycin-treated leaves in the whole range of physiologically relevant photon flux densities suggests that only one reaction governs the kinetics of photoinhibition in vivo. Thus, an essential criterion when considering the mechanism of photoinhibition in vivo is that the quantum yield of the reaction is independent of light intensity. Treatment with an inhibitor of chloroplast protein synthesis is necessary for measurement of the rate of photoinhibition, but there is reason to believe that the same reaction occurs even if protein synthesis is allowed.
Two molecular mechanisms of photoinhibition have been shown to function in vitro: donor-side (22) (23) (24) and anaerobic acceptor-side photoinhibition (25) . The acceptor-side mechanism is generally thought to function when oxygen-evolving PSII preparations or thylakoids are illuminated in vitro in the absence of added electron acceptors. In addition to the donor and acceptor side mechanisms, a specific low-light mechanism of Dl protein turnover was recently proposed (26) . This low-light-syndrome is here considered as a third mechanism of photoinhibition since the rapid low-light-induced degradation of the Dl protein would lead to the irreversible loss of PSII activity even if the degradation occurred without preceding inhibition. Elucidation of the degradation pattern of the Dl protein has so far been the only method available for resolving the mechanism of photoinhibition in vivo, and the published results point to the acceptor-side mechanism (27) .
The acceptor-side mechanism (25) requires at least two quanta: a priming charge separation must first singly reduce the first stable electron acceptor (QA) to make it possible for Plant Biology: Tyystidrvi and Aro represents an experiment with one leaf. Control rate of DCIP reduction was 435 ± 60 ,umol of DCIP per mg of chlorophyll per h and the control rates of dichlorobenzoquinone-dependent oxygen evolution were 238 ± 50 ,umol of 02 per mg of chlorophyll per h in the thylakoids isolated from lincomycin-treated leaves and 232 ± 9 ,umol of 02 per mg of chlorophyll per h in thylakoids isolated from leaves not treated with lincomycin.
another charge separation to yield a doubly reduced QA. At PPFD of 6.5 tkmolm-2.s-1, the average time between two quanta absorbed by the same PSII reaction center in pumpkin leaves is -0.2 s, long enough for virtually all QA to become oxidized. A significant contribution of acceptor-side photoinhibition or any other multiquantum reaction is much less probable at low light than at high photon flux densities. Since it is likely that the same mechanism is responsible for photoinhibition in vivo under both high and low light, we have to conclude that the anaerobically characterized acceptor-side mechanism does not as such contribute to photoinhibition in vivo. Secondly, model calculations show that the quantum yield of the specific low-light mechanism (26) increases enormously with decreasing photon flux density (28) , and therefore a significant contribution from this mechanism does not comply with our observed constancy of the quantum yield. The contradiction between our results and the data on light dependence of the amount of 01 protein degraded during a 4-h treatment of Chlamydomonas (28) may be only apparent, as our data show photoinactivation while the data in ref. 28 show Dl protein degradation.
Donor-side photoinhibition consists of several reactions, which sum into a non-first-order reaction (24) . The kinetic pattern indicates that the donor-side mechanism does not function in intact leaves in the same way as it functions when the oxygen-evolving complex has been deliberately inactivated.
However, it is possible that the primary reaction of photoinhibition in vivo is the oxidation of nearby pigment or protein components by one of the highly oxidizing electron donors of PSII. Such oxidation resembles donor-side photoinhibition.
Based on the reciprocity between the intensity and duration of illumination, Park et al. (9) suggest that PSII cumulatively registers absorbed photons and becomes damaged, on the average, only after a large number of photons. We find this explanation kinetically problematic, since the observed firstorder kinetics of photoinhibition strongly suggest a one-photon reaction.
The quantum yield of photoinhibition in vivo, from 7 x 10-8
(based on incident light) in the present study to 3 x 10-7
(calculated for the bulk PSII in ref. 9 based on light absorbed by PSII pigments) is the same order of magnitude as that of the photoinhibition of oxygen-evolving PSII membrane fragments (29) or as can be estimated by recalculating from photoinhibition of isolated thylakoids illuminated in the absence of added electron acceptors (30, 31) . This similarity suggests that the aerobic acceptor-side photoinhibition in vitro may occur with the same mechanism as photoinhibition in vivo. However, the occurrence of photoinhibition in low light suggests that this mechanism is not the acceptor-side photoinhibition mechanism characterized in the anaerobic case (25) . It is also possible that photoinhibition in vivo follows a mechanism not yet Fig. 2A) . The rate of photoinhibition depends on total irradiance and not on the amount of excess light that cannot be dissipated by photosynthesis (Fig. 2) (38) . Such behavior is expected if down-regulation senses excess energy instead of all light. Correlation with excess light is also inferred in the down-regulation-related synthesis of zeaxanthin from other xanthophylls (14, 39) . Unambiguous quantification of the effect of down-regulation on the rate constant of photoinhibition remains a challenge for further study.
D1 Protein Turnover Depends on Photoinhibition Even in Low Light. The relationship between the normal rapid turnover of the Dl protein (at low light) (10, 40, 41) to the photoinhibitory rapid turnover under high light (see, e.g., ref.
2) has been a matter of debate since it has been assumed that photoinhibitory damage does not occur at low light. Low light is especially suitable for examining the reason for the degradation of the Dl protein since the lag between the loss of PSII activity and the degradation of the Dl protein is negligibly short if photoinhibition is very slow. The finding (Fig. 3) that the degradation of the Dl protein under low light depends on photon flux density in exactly the same way as photoinhibition depends on PPFD under all light intensities strongly suggests that there is only one dominant turnover mechanism of the Dl protein and that this mechanism is degradation of the Dl protein after photoinhibitory damage. The kinetics of photoinhibition should therefore always be taken into account when considering the kinetics of the degradation of the Dl protein (see ref. 3).
The finding that pumpkin plants grown under field conditions behaved in the same way as those grown under high light in a growth chamber (4) indicates that the rapid turnover of the Dl protein occurs in field-grown plants as well. This result supports our previous finding (4, 42) (Fig. 4) lend support to the hypothesis originally presented by Bjorkman (43) 
